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Experimental Methods and Details 
For the 5 tier 7 phases, the photoactivity is reported for the sample identified as being phase pure 
within the detectability limit of XRD measurements, as detailed for Sr, Ca, and Ba libraries in 
Figure S1 and shown for each tier 7 phase in Figure S2. The phase pure samples were also 
characterized by XRF calibrated with thin film elemental standards. Assuming the bulk density of 
the identified phase, the XRF measurements provide an estimate of each film thickness: X-ray 
flouresence measurements show the following thickness for each phase with 10% uncertainty due 
to possible matrix and thin film effects: SrMnO3, 216 nm;  Ca2Mn3O8, 129 nm;  BaMnO3, 320 nm; 
Ni6MnO8, 98 nm; and MgMn2O4, 450 nm. The XRF measurements also confirmed that each thin 
film composition matches that of the formula unit within measurement uncertainty, which is 10% 
for Sr, Ca, Ba, and Ni phases and estimated to be 20% for the Mg phase due to the low energy of 
the Mg K X-rays. These thin films are generally not optically thick, which precludes quantitiative 
calculation of the absorption coefficient from diffuse reflectance measurements on samples with 
opaque substrates (Si substrate in Table S1). 
Photoelectrochemistry measurements were conducted using our previously described scanning 
droplet cell instrumentation with front-side toggled illumination with the LEDs summarized in 
Table S3.20-21 Measurements across all nine composition libraries were conducted with up to three 
of the following aqueous electrolytes, depending on predicted Pourbaix stability from Figure 2: 
0.1 M sodium hydroxide (pH 13); 0.1 M boric acid with 0.085 M potassium hydroxide (pH 10); 
0.05 M potassium phosphate monobasic with 0.05 potassium phosphate dibasic (pH 6.6); and 0.1 
potassium phosphate with 0.04 phosphoric acid (pH 2.9). All electrolytes also included additional 
0.25 M sodium sulfate. Toggled illumination was provided by a 385 ± 5 nm LED (ThorLabs 
M385F1, 3.22 ± 0.04 eV) with illuminated spot size within the range 0.86-1.5 mm diameter and 
3.6-4.7 mW power. Photocurrent values were calculated from the last toggle cycle of a 30 s 
chronoamperometry measurement. External quantum efficiency (EQE) measurements reported in 
Table 1 take into account the photocurrent value for each phase and power of the LED. 
Spectral EQE measurements (Figure 4b) on BaMnO3 and SrMnO3 were conducted using a Doric 
LEDC4-385/Y/G/A_SMA light source with 387 nm, 451 nm, 515nm, and 603 nm wavelengths (3, 
2.4, 1, and 0.8 mW power for each, respectively). Follow up measurements for Ca2Mn3O8 phases 
were conducted using a Doric LEDC4-385/Y/G/A_SMA light source with 387 nm, 455 nm, 516 
nm, and 602 nm wavelengths (2.14, 1.9, 0.79, 0.5 mW power for each, respectively). Photocurrent 
was calculated from the last illumination cycle of a 4 s CA measurement with 0.5 on/off toggling 
for each wavelength, all in pH 13 electrolyte. Stability measurements were done in pH 13 
electrolyte with 0.5 s on/off toggling for 30 minutes for 3 phases: SrMnO3 (451 nm); BaMnO3 
(516 nm); and Ca2Mn3O8 (455 nm) as shown in Figure 4c. 
A summary of the Tauc analysis of all tier 6 phases is shown in Figure S3. 
 
 
  
Table S1. Physical vapor deposition and annealing conditions are listed for 12 phases identified 
by tier 5 in the screening pipeline (Figure 1) along with the Materials Project identification 
numbers (mp-id). All Mn-X-O depositions used metal targets (X and Mn) and RF power supplies 
with the exception of DC power supply for Mn target for Mn2ZnO4 and Ca2Mn3O8. 
 
mp-id Phase Substrate Deposition condition Annealing condition 
Metal or 
oxide 
deposition 
O2 
partial 
pressure 
(mTorr) 
X 
power 
(W) 
Mn 
power 
(W) 
Temperature 
(°C) 
Duration 
(hrs) 
mp-19201 CaMnO3 Pt/Ti/SiO2/Si oxide 0.12 150 77 850 3 
mp-19331 MnNiO3 FTO/Tec7 oxide 1.20 83 150 550 10 
mp-568977 SrMnO3 Pt/Ti/SiO2/Si oxide 0.12 130 90 850 3 
mp-18751 Mn2ZnO4 FTO/Tec7 metal 0 44 DC, 100 550 10 
mp-32006 MgMn2O4 Pt/Ti/SiO2/Si oxide 0.12 110 120 850 3 
mp-19442 Mn(Ni3O4)2 FTO/Tec7 oxide 1.20 105 95 550 10 
mp-19156 BaMnO3 Pt/Ti/SiO2/Si oxide 0.12 60 93 850 3 
mp-24844 MnCoO3 FTO/Tec7 oxide 1.20 100 150 550 10 
mp-18893 Ca2Mn3O8 Pt/Ti/SiO2/Si oxide 0.30 150 DC, 36 850 3 
mp-25043 Mn(SbO3)2 FTO/Tec7 oxide 0.60 18 105 550 10 
mp-19407 MnWO4 Pt/Ti/SiO2/Si oxide 0.90 38 150 850 3 
mp-19081 MnMoO4 Pt/Ti/SiO2/Si oxide 0.90 65 110 850 3 
 
  
Table S2. Formula unit, band gap, and calculated above-Pourbaix-hull energies (∆𝐺𝑝𝑏𝑥) from 
Figure 2b.  
Phase Eg (eV)  ∆Gpbx (eV/atom) Reference 
SrMnO3 1.7 0.37 This work 
Mn(Ni3O4)2 2.1 0.05 This work 
MgMn2O4 2.1 0.59 This work 
Ca2Mn3O8 2.4 0.18 This work 
BaMnO3 2.2 0.45 This work 
FeV2O4 1.9 2.87 
1 
FeVO4 1.9 0.84 
1-3 
α-CuV2O6 1.9 1.05 
4 
β-Cu3V2O8 2 0.8 
5 
NiV2O6 2.2 1.05 
6 
α-Ag3VO4 2.2 0.61 
7 
Fe2V4O13 2.2 0.67 
8 
BiVO4 2.4 0.5 
9 
V6Cu11O26 1.9 0.76 10 
VAg3O4 2.5 0.67 11 
V2Cu3O8 1.8 0.78 10 
V2Cu2O7 2.1 0.86 10 
V2Cu2O7 2 0.84 10 
V2Co3O8 2.2 0.79 11 
V2CoO6 2.2 0.99 11 
VCrO4 2.4 1.05 11 
VCrO4 2.3 1.09 11 
V2Ni3O8 2.5 0.49 11 
V4Cr2O13 2.3 1.02 11 
V2Ni2O7 2.3 0.68 11 
Fe2WO6 1.5 0.03 
12 
α -Fe2O3 1.9 0 
13 
ZnFe2O4 1.9 0 
14-15 
BiFeO3 2.1 0.19 
16 
Fe2TiO5 2.2 0.06 
17 
CuWO4 2.3 0.37 
18 
Bi2MoO6 2.6 0 19 
 
  
 Figure S1. Photocurrent density measurements of each composition library X-Mn-O (X=Sr, Ca, 
Ba) in pH 13 electrolyte under 385 nm illumination. The phase fraction of each composition library 
estimated by XRD analysis is shown with a background color stack plot (each red region includes 
a vertical composition line that extends across the stack plot, indicating phase purity). Horizontal 
axis is Mn (at.%) from XRF measurements. Photocurrent values were calculated from the last 
toggle cycle of a 30 s chronoamperometry measurement at 1.23 vs RHE across each library with 
3 mm spacing along the composition gradient.  
Table S3. Scanning droplet cell LED illumination sources, wavelengths, and energies. 
LED Part/Model Wavelength (nm) Energy (eV) 
ThorLabs M385F1 385 ± 5 3.22 ± 0.04 
Doric LEDC4-385/Y/G/A_SMA [1] 387 ± 6 3.2 ± 0.05 
Doric LEDC4-385/Y/G/A_SMA [1] 451 ± 13 2.75 ± 0.08 
Doric LEDC4-385/Y/G/A_SMA [1] 515 ± 18 2.41 ± 0.08 
Doric LEDC4-385/Y/G/A_SMA [1] 603 ± 8.5 2.07 ± 0.03 
Doric LEDC4-385/Y/G/A_SMA [2] 387 ± 5.5 3.2 ± 0.05 
Doric LEDC4-385/Y/G/A_SMA [2] 455 ± 11 2.72 ± 0.07 
Doric LEDC4-385/Y/G/A_SMA [2] 516 ± 18.5 2.40 ± 0.09 
Doric LEDC4-385/Y/G/A_SMA [2] 602 ± 8.5 2.06 ± 0.03 
  
Figure S2. X-ray diffraction patterns for the 5 phases (black), reference patterns for each phase 
(red), and the substrate (blue) listed in Table S1, which is Pt for Ni6MnO8 and FTO for the other 4 
phases. Each legend contains the ICDD entry for the noted phase. The variation in signal to noise 
is due in part to different integration times. 
 Figure S3. UV-vis determination of band gap energy for 9 phases in tier 6 of the screening pipeline 
using indirect-allowed (left) and direct-allowed (right) Tauc plots for band gap detection. Each 
Tauc pattern is normalized by dividing by its maximum value and is plotted over the same range 
of photon energy. Each plot legend contains the sample number, which is for internal reference 
and not pertinent to band gap estimation, and the band gap energy (eV) estimated by the automated 
Tauc analysis algorithm.  
 
 
Pourbaix Stability Modeling 
Experimentally determined Pourbaix diagrams, elucidating the electrochemical stability of solids 
and redox species of materials in aqueous solutions, have been used in the past to identify 
equilibrium stability regions of pH and potentials of materials. However, these experimental 
diagrams, while available for over 85 elements in the periodic table,22 are only available for a small 
number of binary compounds23 and seldom available for ternary or higher-component 
compounds.24 
To assess the (in)stability of X-Mn-O solids, we adapt the first-principles based Pourbaix diagrams 
of Persson et. al.25 to compute their Gibbs’ free energy, ∆Gpbx, with respect to the Pourbaix stable 
phases at a given pH and potential. The formalism of Persson et al. is available through the 
Materials Project infrastructure. Combining density-functional theory based enthalpies of solids 
and experimental ionic/aqueous species dissolution energies, the formalism predicts the 
equilibrium Pourbaix diagrams for single or multi-element systems. Note that, while only solids 
on the thermodynamic convex hull, i.e. solids with enthalpy of formation ∆H = 0 , are included in 
the Pourbaix analysis, we modified the code-base to allow the inclusion of X-Mn-O solids that are  
not on the thermodynamic convex hull, i.e. materials with ∆H > 0. Operating conditions of pH = 
0 to 14, 1.5 V vs. RHE, 298.15 K, atmospheric pressure, and ionic concentrations of 10-5 M were 
chosen to explore optimal device operating conditions.  
Computational Methods 
High-throughput DFT computations are performed using the Vienna software package (VASP) ,26 
with a plane-wave basis and PAW pseudopotentials,27 the generalized gradient approximation 
(GGA) as implemented by Perdew, Burke and Ernzerhoff (PBE),28 the screened hybrid functional 
of Heyd, Scuseria, and Ernzerhof (HSE),29-30 and the PBE+U functional.31 The Hubbard U values 
in PBE+U are adopted from previous work32 and consistent with what are used in the Materials 
Project. For HSE calculations, mixing parameter for the Hartree-Fock exchange potential is chosen 
as the default value 25%. A uniform reduction factor for the q-point grid representation of the 
exact exchange potential (NKRED = 2) is applied to accelerate the HSE calculations. An even-
number Gamma-centered k-point mesh for the integrations over the Brillouin zone is used with k-
point densities at 1000 k-points per atom. Spin-polarization is included in all calculations. The 
lattice parameters are obtained from the Materials Project database which are relaxed using the 
PBE+U functional. We used an energy cutoff of 400 eV for the static HSE calculations and surface 
slab PBE+U calculations. Data analysis is performed using the Pymatgen package.33  
All calculations were performed using ferromagnetic (FM) ordering. In our previously reported 
vanadates screening pipeline,11 we calculated band gap energy using both FM and the lowest 
energy antiferromagnetic (AFM) ordering for 55 phases and found that the screening results do 
not typically vary between these magnetic orderings due to only a few phases having more than 
0.2 eV difference between AFM and FM-based band gap. Motivated by these previous findings, 
and in particular because we used a wide HSE band gap screening window in the present work, 
only FM configurations were considered for simplicity, which is worth noting since most if not all 
of the considered phases are paramagnetic at room temperature. 
Consistent with our previous work,34 we employ a standard two-step scheme involving surface 
slab calculations using the PBE+U functional to evaluate the band edge energies relative to the 
vacuum level. The potential step ΔV between the vacuum and the bulk is established in the surface 
slab system, and the bulk electronic eigenvalues obtained with the HSE functional can be 
referenced to the vacuum through macroscopically averaged electrostatic potential. Note that ΔV is 
surface-orientation and termination dependent, and we report the values for lowest-energy surface 
that we identified for each phase. We successfully generate around 350 surface slab systems with 
different orientation and termination and obtain converged total energy data for 29 of 46 phases in 
tier 3. The remaining phases were not amenable to automated calculation of ΔV  because either an 
error occurred in trying to generate the surface slab cells or the cell relaxation did not converge 
after a 72 hour cutoff time. The surface energy is defined as the total energy difference between 
the slab and the bulk systems per unit of surface area: 𝐸𝑠 =
𝐸𝑠𝑙𝑎𝑏−𝐸𝑏𝑢𝑙𝑘
2𝐴
, where A is the surface area, 
Eslab is the total energy of slab, and Ebulk is the total energy of bulk with equivalent number of 
atoms.  
  
Data Summary 
Experimental and computational results for the most pertinent phases are provided in Tables 1 
and S2, and additional screening data for the 51 phases in Tier 2 are provided in Table S4. 
Table S4: Screening data and surface calculation details for 51 X-Mn-O phases. 
MP-id Formula PBE+U 
band 
gap 
(eV) 
Above 
Hull 
energy 
(meV 
atom-1) 
# 
atom 
in 
unit 
cell 
HSE 
band 
gap 
(eV) 
Suface 
with 
lowest 
energy 
Surface 
energy 
(eV  
nm-2) 
VBM 
(eV) 
CBM 
(eV) 
Phase in tier? 
2 3 4 5 6 7 
19025 LaMnO3 0.38 77 5 0.00 
    
Y 
     
541644 CaMn7O12 0.00 16 20 0.00 
    
Y 
     
540543 Mn3(CoO4)2 0.76 10 26 0.94 
    
Y Y Y 
   
540612 BaMn2O3 0.46 3 6 1.17 
    
Y Y 
    
19201 CaMnO3 0.54 34 20 1.19 
    
Y Y Y Y Y 
 
18798 Sr2Mn2O5 0.43 0 18 1.22 001 5.5 -5.65 -4.43 Y Y 
    
615489 Mn3Nb6O11 0.23 0 20 1.22 001 6.7 -4.10 -2.87 Y Y 
    
25008 Ca2Mn2O5 0.43 58 18 1.29 001 3.9 -5.44 -4.15 Y Y 
    
19591 Mn4SiO7 0.90 55 24 1.52 10-1 4.7 -5.75 -4.22 Y Y 
    
25702 Mn2GeO4 0.33 27 28 1.53 010 9.0 -4.98 -3.45 Y Y 
    
25043 Mn(SbO3)2 0.51 0 27 1.56 100 7.7 -7.99 -6.42 Y Y Y Y 
  
18750 Mn(FeO2)2 1.00 15 14 1.83 
    
Y Y Y 
   
35078 BaMnO3 0.67 18 20 1.84 100 5.6 -4.90 -3.06 Y Y Y 
   
18831 Y2Mn2O7 0.87 0 22 1.86 
    
Y Y Y 
   
19142 Mn2V2O7 1.20 0 11 1.90 0 3.0 -6.85 -4.95 Y Y 
    
19455 MnMoO4 1.40 5 12 2.00 100 2.2 -6.44 -4.44 Y Y Y 
   
24844 MnCoO3 1.09 25 10 2.03 001 4.5 -6.12 -4.09 Y Y Y Y Y 
 
25005 MnSnO3 0.88 0 10 2.05 1-11 7.6 -6.90 -4.84 Y Y Y 
   
19001 SrMnO3 0.81 8 20 2.06 100 6.0 -5.35 -3.29 Y Y Y 
   
25032 Mn2GeO4 1.36 62 14 2.06 101 3.3 -5.81 -3.75 Y Y 
    
622693 Mn2NiO4 0.00 43 14 2.10 
    
Y Y Y 
   
18840 BaMnO3 0.90 7 15 2.10 10-1 7.0 -5.43 -3.33 Y Y Y 
   
19674 Sc2Mn2O7 1.05 0 22 2.11 
    
Y Y Y 
   
18751 Mn2ZnO4 0.73 0 14 2.13 
    
Y Y Y Y Y 
 
568977 SrMnO3 0.99 0 20 2.29 111 5.8 -6.25 -3.96 Y Y Y Y Y Y 
25701 Mn2GeO4 1.08 0 28 2.32 001 2.9 -5.70 -3.39 Y Y 
    
19442 Mn(Ni3O4)2 1.31 20 15 2.32 100 5.4 -7.27 -4.95 Y Y Y Y Y Y 
32006 MgMn2O4 1.01 0 14 2.39 
    
Y Y Y Y Y Y 
547956 MnV2O6 1.64 16 9 2.39 
    
Y Y 
    
19331 MnNiO3 1.38 0 10 2.40 1-1-1 9.5 -7.15 -4.75 Y Y Y Y Y 
 
640173 MnV2O4 0.00 0 14 2.41 
    
Y Y 
    
554528 TiMn2O4 1.39 5 28 2.45 100 7.2 -5.58 -3.13 Y Y 
    
18952 Ca4Mn2O7 1.29 39 26 2.58 001 3.9 -5.22 -2.65 Y Y Y 
   
19158 Mn3WO6 2.04 0 20 2.59 110 5.0 -6.16 -3.57 Y Y 
    
19692 Mn3V2O8 1.92 0 26 2.65 
 
6.0 -7.25 -4.60 Y Y 
    
19231 Mn(SbO2)2 1.63 0 28 2.65 101 3.9 -5.30 -2.64 Y Y 
    
540673 Ba2MnO3 1.62 0 24 2.67 011 3.2 -3.13 -0.46 Y Y 
    
565904 TiMnO3 1.53 56 20 2.69 001 5.6 -6.80 -4.11 Y Y 
    
19407 MnWO4 2.36 0 12 2.82 100 2.7 -6.63 -3.81 Y Y Y Y 
  
18893 Ca2Mn3O8 1.44 0 13 2.83 110 6.2 -7.11 -4.28 Y Y Y Y Y Y 
31918 BaMn2O8 1.86 46 22 2.91 11-1 1.5 -8.27 -5.36 Y Y Y 
   
640040 Mn4Nb2O9 1.83 0 30 2.93 100 5.4 -5.29 -2.36 Y Y 
    
19156 BaMnO3 1.92 8 10 2.99 2-10 4.8 -6.90 -3.91 Y Y Y Y Y Y 
19376 TiMnO3 1.88 34 10 3.00 100 6.9 -5.57 -2.56 Y Y Y 
   
19188 Ba3Mn2O8 1.58 0 13 3.03 001 2.3 -4.79 -1.76 Y Y Y 
   
19267 BaMnO3 2.06 0 30 3.21 
    
Y Y Y 
   
18928 Mn2SiO4 2.34 0 28 3.25 
    
Y Y 
    
19081 MnMoO4 2.74 0 24 3.33 
    
Y Y Y Y 
  
19082 TiMnO3 2.33 0 10 3.51 
    
Y 
     
19239 Mg6MnO8 2.29 0 15 3.57 
    
Y 
     
541022 MnCr2O4 2.37 0 14 3.65 
    
Y 
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